This study aims to presents the importance of end constrains, boundary conditions and position of the applied forces regarding the design of precast/prestressed concrete box girders. The study is based on a destructive test which was performed on a 37.1 m span single-cell prestressed concrete box girder. The scope of the test was to certify the usage of such girders for the new Transylvania motorway bridges. The test is numerically reproduced through a full 3D FEM model implemented in SAP2000. The influence of the end diaphragms is considered by analysing the beam's behaviour to six loading conditions: one of which is replicating the loadings during the test, while the others are conceived as real vertical and horizontally loading scenarios. The results obtained for the girders with and without end constrains are compared. The performances of both design solutions in the presence of prestressing are highlighted where applicable. It is considered that the results of this study may provide very important data if considering that Romania has an urgent need to realize a modern and an adequate transport infrastructure.
INTRODUCTION
In recent years, precast, prestressed concrete beams have been produced for highway bridges with significantly higher spans than in the past (Stratford, 1999) . For example, in UK, the bridge standards established a maximum span length of 40 m, while spans of up to 55 m are commonly accepted in Canada. If spans get longer or the beams are becoming more slender, complex mechanical phenomenon can appear, such as: stability problems, short and long term deflections, deformations depending on the position of the loading, the prestressing force affecting the behaviour of the beams, etc. These phenomenon can affect in a certain degree all types of beams, regardless of their cross-section shape: T, I, Box, Y, Super Y(SY). Choosing the most efficient cross-section depends on the factors that affect the general and the local behaviour of the girder. All these aspects are given in specific standards for each country. A box girder normally can be made of prestressed concrete, structural steel or steel reinforced concrete.
The closed cross-section shape called "box" offers a higher torsional stiffness resistance in comparison with an open crosssection. However, box girders still contain complex structural problems which may be neglected by the common design regulations. One consistent summary of the more representative research performed on Box Girder Bridges is offered by Sennah and Kennedy (Sennah, 2002) . The concerning on the behaviour of straight and curved box-girders starts with the development of the curved beam theory by Saint-Venant in 1843 and the development of thin-walled beam theory by Vlasov in 1965. These two basic theories mark the birth of all research efforts published to date on the analysis and design of straight and curved box-girder bridges (Chirag, 2014) . Starting with this, technical papers, reports, and books were published in the literature, concerning a right development of the box-girders. Attempts for modifying the two theories, but also experimental and analytical studies were made. The main scope of the developed research was focused on several areas of interest: how to make box girder bridges more stable; how to increase strength and rigidity; how to achieve slender sections to reduce material costs; how to modify the shape of the hollow box 8 cross-section for a better loading path, etc. (Maisel, 1970; Maisel, 1973; Bridge Design Manual, 2001; Lark, 2004; Robertson, 2005) . The study of Kaneko and Mihashi (Kaneko, 1996) determined that the cracking transition is induced by changes of the boundary conditions. Ishac and Smith (Ishac, 1985) confirmed the efficiency and fairness prediction of SAP2000 regarding the deflected shape of a box girders viaduct. The short-term deflections and the bending strains measured during a load test on the viaduct were successfully predicted using a threedimensional numerical model and adequate boundary conditions. Zhi-Qi He and Liu (Zhi-Qi He, 2010) proposed an optimal three-dimensional strut-and-tie model for the anchorage diaphragm and developed direct equations to facilitate the design.
As regarding the present study, the Pujayo viaduct numerical model (Ramos, 2010) was used as a starting point for the development of the 3D SAP2000 analysis.
SCOPE OF WORK
The purpose of this study is to show the end diaphragm influence upon prestressed box girders when subjected to different loading scenarios. The structural behaviour is examined by comparing the deformed shapes and stress distribution of two numerical models which were analysed using SAP2000 (Computers & Structures Inc, 2015) computer program. The results highlight the differences in behaviour between the two design solutions (i.e. with and without end diaphragms), and helps defining supplementary recommendations for improving the analysis procedure.
SPECIMEN DESCRIPTION AND LOADING CONDITIONS

Test PC box girder design specifications
The study is based on the largest destructive test ever performed in Romania (Păstrav, 2011) . The specimen consisted in a full scale PC (i.e. prestressed concrete) prefabricated bridge box girder (2.45×3.28×37.10 m), manufactured by Bechtel International Inc. Reno-Nevada, Cluj-Napoca (see Figure 1 ). The box girder was designed in accordance with the technical specifications offered by Iptana SA Bucharest ( * Figure 1 . Static Scheme (Mircea, 2009) 9
The model used in this study was tested between 15-18 of September and 2008 and it was subjected to 6 loadingunloading cycles. The PC box girder is composed by a U shape prefabricated unit and a top slab of 25 cm thickness made of cast in situ concrete. The results following the testing procedure are used for the proposed numerical model of the box girder. The static scheme and the loading conditions are given in Figure 1 . The total height of the transversal sections is 2.45 m, the precast U girder and the top concrete slab having 2.20 m in height and 0.25 m in thickness, respectively. As it can be seen below, the bottom flange thickness varies along the beam's span. The control prestressing stress was 1440.0 MPa. Prestressing was introduced through 84 strands T 15.2 mm positioned on the tensioned area of the girder, and 4 strands T 6.35 mm placed in the compressed area, as seen in Figure 2 . Passive longitudinal and shear reinforcement was made of high ductility steel, with the yielding strength f y =255.0 MPa, yielding strain ε y =1.21 ‰, tensile strength of 318.8 MPa and its associated elongation of 20 %. Thereby, the prestressed strands were made of high strength prestressing steel of low relaxation class, having the yield stress f py =1636.0 MPa and the tensile strength f pu =1860.0 MPa with its associated strain 2 ‰. The transfer of the prestressing forces to the concrete was designed for a minimum concrete strength f ci,cube =41.5 MPa. The reinforcement and the tendons are positioned in the moddeling in the same manner as in the real life experiment.
End constraints and boundary conditions
The box girder described above is used for the first numerical model. Both ends are stiffened with end diaphragms having approximately 50 cm thickness. The girder is simply supported at both ends (i.e. the rotational degrees of freedom are released), but the supporting devices are located at the bottom of the cross-section and not at the centroid.
As for the second numerical model, the same box girder is used, but having the end diaphragms removed. Therefore, the girder's ends are completely unstiffened. However, the supporting conditions are identical for the two models, the second being relevant for bridges designed as through boxes (i.e. car, train or pedestrian traffic is ensured through the interior of the box girders).
Loading scenarios
The first loading condition reproduces the position and the characteristics of the test loads. Four concentrated loads are applied on both models. The forces are positioned on the top of the girder, as represented in Figure 1 . The behaviour at cyclic loading is not referred in this study, although the test was performed for multiple loading-unloading sequences (Mircea, 2009) . In the present case, the external forces are considered to vary only monotonically, starting from zero until the maximum force is reached. The serviceability load P serv =256.4 kN, the cracking load P crack =482.80 kN (i.e. related to the Serviceability Limit States which corresponds to a limit crack width of 0.1 mm) and the failure load P failure =1490.76 kN were obtained during the test (Mircea, 2009; Referat, 2008) . All three load levels are compared with the forces resulted following the computer analysis.
Five additional loading cases were considered in order to study the influence of the loading type and position referred to the cross-section. The loads are applied as in the study performed by Ishac and Smith (Ishac, 1985) , but the values are scaled in order to reach the total cracking load which was measured during the test (i.e. total cracking load equals 4×P crack ≅ 1931 kN). The position of the applied forces and their scaled values are presented in Figure 3 and Table 1 . For Case 1 and Case 2, a uniform distributed load (q 1 and q 2 , respectively) is applied on the upper and lower flange, respectively, both representing a symmetric component of live load. The load on the lower flange represents the live load on a through box, according to (Păstrav, 2011) . Regarding the third case (i.e. Case 3), P 1 is a vertical concentrated load and represents an antisymmetric component of the live load. In Case 4 and Case 5 the load P 1 is a horizontal force/ which is applied at the upper and lower flanges, as shown in Figure 3 . 
3D MODELING OF THE BOX GIRDER
Finite element models
Both 3D FEM models were constructed in SAP2000 computer program using layered shell and tendon elements (Computers & Structures Inc, 2015) . Figure 4 and Figure 5 detail the analysis model.
The layered shell elements were adopted in order to capture the nonlinear behaviour of the RC (i.e. reinforced concrete) walls from which the girder is made of. Five layers representing the concrete and the reinforcement are used for all the shell elements. The concrete cover and the concrete core are modelled through one single layer, while the top and bottom reinforcement are modelled with four layers oriented in two orthogonal directions. The material nonlinearity is introduced by using the unconfined Mander constitutive model (Mander, 1988) for the concrete and a simple bilinear model with hardening for the reinforcement. The same material properties were used as those obtained during the test. The maximum shell element dimensions after discretization are restricted to 0.25 m.
The discretised box girder can be seen in Figure 4 . The prestressing is introduces through tendon elements. All 88 strands (i.e. 84 strands T 15.2 mm and 4 strands T 6.35 mm) are placed in groups of 2, 3 and 4 tendons, for an easier implementation. The material nonlinearity is captured by using a simple bilinear constitutive model for the prestressing steel. All the prestressing losses during the test were assumed to be somewhere between 15% and 20%, and a prestressing loss of 20% is therefore introduced for the tendon elements as a conservative measurement. The debonding is modelled by controlling the discretization. The debonded region of the strand is modelled as a single tendon element, while the bonded region is discretized into multiple elements having the same length as the surrounding shell elements. The tendon elements placement is presented in Figure 5 . 
Load cases for the analysis
All the six analysis cases (i.e. the test loading case and the five additional loading cases that are numerically analysed) are static nonlinear cases. The first analysis case is displacement controlled, while the other five are force controlled. The initial conditions for all the six analysis cases represent the stressstrain state after transferring the prestressing force to the concrete. Therefore, this initial state is captured through an analysis case which includes the self-weight load and the prestressing induced by the tendons.
ANALYSIS RESULTS
Comparison with the full-scale experiment
The model having end diaphragms must be compared in terms of force-displacement values with the test results in order to verify the numerical analysis. Therefore, the force-displacement curve was obtained following the nonlinear analysis. Because it is a displacement controlled procedure, the maximum imposed displacement at the centre of the girder was 80 mm. Due to the long runtime and given that L/500 equals 74.2 mm, the analysis has been deliberately stopped at approximately 65.5 mm. The total force which corresponds to this displacement is 4233.765 kN, being with 29% lower than the total failure load reached during the test (i.e. total failure load equals 4×P failure ≅ 5963 kN). The reached total load is 4.13 times higher than the total serviceability load and 2.19 times higher than the total cracking load. All these values are represented in Figure 6 . The force-displacement curve obtained following the analysis is compared with the test curves. These are presented in Figure 6 . Only the loading branches of the loading-unloading cycles were compared with the resulted curve. The unloading branches obtained during the test were ignored.
As it can be seen from Figure 6 , the analysis results are very close to the test results if the imposed load is lower than the serviceability load. Above this value and until the cracking load is reached, the differences are getting more pronounced, but without exceeding differences larger than 100%. One interesting fact is that the 3-rd cycle loading branch has the largest displacement, while the 5-th cycle loading branch has the lowest displacement. The difference between the displacement obtained from the analysis and the loading branch of the last cycle at cracking load is approximately 10 mm, while at maximum load, the difference is more than twice (i.e. the displacement measured during the test is 2.36 times larger than the maximum displacement reached through the numerical analysis).
The more pronounced nonlinear behaviour observed at the experiment can be explained through the softening effect which occurs in materials when cyclic loadings are applied. Therefore, the above comparison is more relevant bellow the cracking limit.
The influence of end diaphragms at test loads
The influence of the end diaphragm upon the behaviour of the box girder can be identified if the results of the two models (i.e. the models with and without end diaphragms) are compared. The resulted force-displacement curves are identical and their graphical representation is presented in Figure 7 . Therefore, the stress distribution associated with the initial and the final deformed states have to be compared. The stresses in the concrete core are presented starting from Figure 8 Very small stress differences appear in the concrete core between the two models. The values from Figure 8 to Figure 11 are normalized by material strength. It can be seen that in the final stress state, the tension in the concrete core reaches 0.1×f c,cil for the model with end diaphragms and 0.11×f c,cil for the model without end diaphragms. Cracks due to tension in the bottom flange are very likely to occur at these levels of stress.
No cracks due to crushing of the concrete core can be identified, because the maximum compression stress does not exceeds 0.65×f c,cil . There should be mentioned that almost no tension appears in the initial states. Almost the same stress distribution can be identified for both models, which explains the similarity between the two force-displacement curves (see Figure 7 ).
The influence of end diaphragms at different loading scenarios
Both models have been analysed to the five loading scenarios mentioned by Ishac and Smith (Ishac, 1985) and adapted for the current situation. All the performed analysis are static nonlinear. The loading forces from Table 1 were reached in all cases and the displacement curves along the three orthogonal axes were obtained. The displacements were measured at the bottom flange, in the same cross-section locations as the concentrated forces that were applied during the test (see Figure  1) . The results are presented in the following figures: The vertical and longitudinal displacement curves almost coincide for both numerical models, except for the vertical displacement curved obtained from loading Case 3. Moreover, identical curves were obtained for loading Cases 1 and 2 on one hand, and for loading Cases 4 and 5 on the other hand. This states that the position of the external forces (i.e. at the top or at the bottom flange) doesn't influence the behaviour of the box girder, regardless of whether the beam is provided with or without end diaphragms. These statements apply for external forces which are lower than the cracking load.
Significand differences are observed when comparing the lateral displacements instead. Even if the position of the external forces does not influence the overall behaviour (i.e. the same curves were obtained for the loading Cases 1 and 2, and for the loading Cases 4 and 5), the latera displacements obtained for the model with no end constraints are almost twice as higher as the displacements obtained in the presence of end diaphragms. However these displacements are very small compared with the beam's length and can be neglected (see Figure 15 and Figure 17 ). The displacements generated by analysing the third loading case clearly highlight the presence of twisting and distortion effects. The later ones are more pronounced if no end diaphragms are provided. Therefore, even if the lateral displacements values are small, a more detailed comparison is needed for a better investigation of the cracking state.
Concrete core stress state for loading Case 3
The maximum principal stresses in the concrete core for the third loading case are presented in Figure 21 and Figure 22 . By analysing the results, it can be seen that cracking due to tension may occur in both cases. The maximum stress for the model having end diaphragms is 0.111×f c,cil , while the maximum stress for the model with no end diaphragms is 0.18×f c,cil . This implies that the asymmetric vertical load causes high stress values, leading to possible residual damages if large cracks are developing into the concrete core.
The stresses obtained for the third case are comparable with the stresses encountered for a maximum total vertical force which is two times higher (see Figure 6 ). Figure 22 . Principal stress distribution of the concrete core for the numerical model without end diaphragms
CONCLUSIONS
During the presented study, two numerical models were constructed through the use of SAP2000 computer program. The influence of end diaphragms upon the behaviour of a PC box girder was captured by performing computer analysis for six loading cases: one reproducing a full-scale experiment, and 5 cases under which the type and the loading positioning have been varied.
The results showed that if symmetrical loads are applied, then the influence of the end diaphragms can be neglected. Moreover, the end diaphragm influence can be neglected even for lateral loads, regardless the external load positioning.
On the other side, if the applied loads are asymmetrical, then special care should be taken in design, because excessive cracking may occur. The stresses can become very large even for box girders that are provided with end diaphragms. Therefore, if twisting and distortion effects are likely to appear, than the design should be performed on 3D FEM models, regardless of whether the box girder is provided or not with end diaphragms.
